We examined the association between haplotype tagging single-nucleotide polymorphisms in TLR4 and the pertussis toxin-specific immunoglobulin G response after whole-cell pertussis (wP) vaccination in 515 1-yearold children from the KOALA study. A lower titer was associated with the minor allele of rs2770150, supporting a role for Toll-like receptor 4 in the antibody response to wP vaccination.
Pertussis is a vaccine-preventable respiratory disease caused by Bordetella pertussis. Despite high vaccination coverage, pertussis is still prevalent in most countries, including The Netherlands, with epidemic peaks that occur every 2 to 3 years (12, 13, 27, 28) . Susceptibility to B. pertussis and the course of infection vary between individuals. Studies in mice have provided evidence that murine host genes regulate susceptibility to B. pertussis infection (4, 19) . Furthermore, animal studies indicated involvement of the Tlr4 gene in the infection process (5, 17, 23) . In humans, two coding variants of TLR4 have been associated with enhanced susceptibility to infectious diseases, especially gram-negative infections, and with endotoxin hyporesponsiveness (1, 2, 29, 32) . Since Tlr4 also plays a critical role in the response to whole-cell pertussis (wP) vaccination in mice (16; H. A. Banus, R. M. Strenger, E. R. Gremmer, J. Dormans, F. R. Mooi, T. G. Kimman, and R. J. Vandebriel, submitted for publication), we hypothesized that variation in the gene coding for Toll-like receptor 4 (TLR4) may account for some of the observed variability in the antibody response to this vaccine in humans. Furthermore, variation in response to vaccination may reflect differences in the course of infection (20) . Here we studied the role of genetic variation in TLR4 in the response to wP vaccination in the Dutch KOALA Birth Cohort Study (7, 21) . We therefore examined the association of single-nucleotide polymorphisms (SNPs) in TLR4 and pertussis toxin-specific immunoglobulin G (PT-IgG) following wP vaccination. The IgG antibody titer against PT, one of the dominant virulence factors of B. pertussis, correlates with protection against disease (11, 30, 31) . We used vaccine-induced PTIgG as a quantitative phenotype and compared the genotypes of high and low responders to PT. We hypothesized that minor TLR4 alleles that may affect promoter activity or receptor affinity of TLR4 are associated with an altered IgG titer to PT.
The level of PT-IgG was determined by an enzyme-linked immunosorbent assay (14) on capillary blood samples collected from 855 1-year-old children. One hundred fifty-one children were excluded from further analysis because their parents stated in the questionnaires that the child had not received the standard pertussis vaccination (15, 21) . DNA was not available from 184 children, and a further five children were excluded because their PT-IgG level was above 200 U/ml, indicating natural infection (14) . The remaining 515 children were genotyped by K-Biosciences (Cambridge, United Kingdom) for nine SNPs located on TLR4 (Fig. 1a) . After Ln transformation, the PT-IgG levels were normally distributed according to Levene's test (P Ͼ 0.05). To examine possible confounding factors, we tested for associations between PT-IgG titer and the number of days between vaccination and blood sampling and infant gender using Pearson correlation. None of the factors tested influenced the PT-IgG level (P Ͼ 0.05). All SNPs were in Hardy Weinberg equilibrium (chi-square test, P Ͼ 0.05). Associations between nine SNPs in TLR4 and PT-IgG titers were assessed by analysis of variance (ANOVA), and the distribution of the genotypes among individuals with extreme 10th percentiles in PT-IgG titer was tested using Pearson's chisquare test (Table 1 ). The rs2770150 (c.-3612 TϾC SNP) was significantly associated with the lowest 10th percentile (low responders) compared to the highest 10th percentile (high responders) titer of PT-IgG (P ϭ 0.027). Subjects homozygous for the minor C allele of this SNP had a significantly lower PT-IgG titer upon pertussis vaccination (P ϭ 0.040) compared with persons heterozygous for this allele (Fig. 2) . To examine whether the effect of rs2770150 could be due to a more distant variant, we performed haplotype analysis. We constructed hap-lotypes for the genotyped SNPs and tested them for association with PT-IgG titers using WHAP (http://pngu.mgh.harvard.edu /purcell//whap/). There is strong linkage disequilibrium between most genotyped SNPs within TLR4 (Fig. 1b) (6) . Therefore, the selected SNPs represent nine different haplotypes encompassing 99% of the haplotypes in our cohort (Fig. 1c) . No significant associations were found between haplotypes and the PT-IgG titer (data not shown). This could be due to the small size of our cohort or the need for two alleles (recessive model) to obtain an effect on titer which would be missed when analyzing haplotypes.
Although all participants had PT-IgG titers that can be considered protective at the time of blood sampling (11) (approximately 1 month after receiving the fourth vaccination), TLR4 polymorphisms may be important in the duration of protective immunity. Future work should indicate whether this and other polymorphisms in TLR4 have clinical relevance either by affecting the antibody response following vaccination, during the waning of the antibody response, or by affecting the outcome of infection itself irrespective of vaccination.
The children in this study were vaccinated four times (when (6) . DЈ is presented as a number if it deviates from 100. DЈ is 100 when no recombination has occurred between two SNPs. The measure of r 2 is represented by color, changing from dark gray when r 2 ϭ 1 (the minor alleles at two SNP positions are always present on the same haplotype) to white when r 2 ϭ 0 (the minor alleles are always on separate haplotypes). (c) The frequency of the major haplotypes of TLR4 present in the KOALA cohort as identified by the nine tagging SNPs genotyped in our study. Black boxes represent minor alleles.
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on October 18, 2017 by guest http://cvi.asm.org/ they were 2, 3, 4, and 11 months old) with wP vaccine that contains the TLR4 ligands lipopolysaccharide (LPS) and PT (18, 25, 26) . In mice, Tlr4 affected the vaccination response after vaccination with both the LPS-containing wP vaccine and the (LPS-free) acellular vaccine. Both vaccines induced less bacterial clearance in Tlr4 defective C3H/HeJ mice (Tlr4 Lps-d ) than in wild-type mice (Tlr4 Lps-n ) (16; Banus et al., submitted), suggesting that not only the interaction between TLR4 and LPS but also the interaction between TLR4 and PT is important in the generation of vaccine-induced immunity.
The SNP that was associated with the PT-IgG titer, rs2770150, is characterized by a T-to-C substitution in the promoter region of TLR4 (position Ϫ3612). This SNP may therefore be involved in transcriptional regulation, suggesting that subjects with a minor allele of this SNP have lower expression of the gene. We have shown that in mice Tlr4 mRNA expression is upregulated 1.5 times after B. pertussis infection, suggesting that transcriptional activation of Tlr4 is involved in the response to B. pertussis infection (5) . The results of the present study may be explained by altered transcriptional activation of TLR4 upon wP vaccination in humans. PT-IgG levels have been shown to correlate with protection after vaccination, both in humans (11, 30, 31) and mice (8) . Cell-mediated immunity, however, does also critically contribute to protection in both humans (3, 9, 22) and mice (24) . The association between PT-IgG levels and protective immunity is most apparent early after vaccination (10) . We speculate that genetic diversity in TLR4 indeed affects antibody titers after wP vaccination but that the variation in response of 1-year-old children is limited due to the many booster vaccinations. Therefore, the Dutch Vaccination Program comprising four vaccinations during the first year of life may adequately address the genetic variation in the most vulnerable age group, at least regarding pertussis. It remains to be established, however, whether the same holds true for the persistence of the PT-specific antibody response and the response to other vaccines.
In conclusion, we demonstrate that genetic variation in TLR4 is associated with the wP vaccination response in 1-year-old children. To our knowledge, this is the first study to report the involvement of TLR4 in the induction of the antibody response after vaccination against B. pertussis in humans.
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